Ca2+-sensitive processes at cell membranes involved in contraction, secretion, and neurotransmitter release are activated in situ or in vitro by Ca2+ concentrations ([Ca2+]) 10-100 times higher than [Ca2+] 
In smooth muscle, stimulation at the cell membrane causes a transient elevation in intracellular free Ca2+ concentration ([Ca2>] ), which leads to activation of the contractile proteins.
The magnitude, time course, and spatial distribution of the [Ca2+]1 transient are determined by Ca2+ influx and Ca2+ removal through Ca2+ channels and Ca2> transporters distributed on the plasma membrane and membranes of the sarcoplasmic reticulum (SR) and mitochondria (1) (2) (3) (4) (5) (6) and by the distribution of intracellular Ca2+ buffers (7, 8) . These channels and transport mechanisms are, in turn, regulated by [Ca2+]i near the membrane (3) (4) (5) . The Ca2+ sensitivity of membrane processes such as Ca2+-induced SR Ca2> release, Na+/Ca2+ exchange, Ca2+-activated K+ currents, and Ca2+ uptake in mitochondria, when measured in situ or in vitro (9) (10) (11) (12) (13) , are in the 1-to 100-,LM range. Yet during [Ca2+]1 transients that cause contraction, recorded using fura-2, [Ca2+]i often remains in the nanomolar range. Such discrepancies have been interpreted to indicate that large, steep [Ca2+] gradients exist near the plasma membrane during Ca2+ influx (14) (15) (16) . Local, high concentrations of Ca2+ (or other ions) can develop when Ca2+ influx or SR Ca2+ release are directed into a narrow space between closely apposed intracellular structures, such as the SR and the plasma membrane or the SR and mitochondria, where diffusion of Ca2> may be restricted (17) . Localized [Ca2+], (and [Na+] i) signals in restricted spaces have been postulated to explain the function of Na+/Ca2+ exchange (18, 19) and the mechanism of Ca2+-induced Ca2+ release in cardiac cells (20) , and spontaneous transient outward currents in smooth muscle (21 
METHODS
Smooth muscle cells were enzymatically isolated from stomachs of the toad Bufo marinus according to described procedures (26) . Measuring Spectral Properties. Excitation spectra of membrane-associated FFP18 at various [Ca2+] were recorded using a SPEX spectrofluorimeter. Emission was collected at 510 nm.
FFP18 was applied to the external surface of cells by 10-to 30-min incubations in amphibian physiological saline (APS) containing 0.5-10 ,uM FFP18. Cell suspensions with different free [Ca2+] levels were produced by a described procedure (25) . The concentration of membrane-associated FFP18 and the density of FFP18 molecules on the cell membrane were estimated using described methods (25) . Rmax, Rm, and 13 values measured in 400 ,ul of Triton-containing pipette solution, which mimics the intracellular milieu. Calibration parameters for fura-2 were obtained in pipette solution without Triton-X 100.
Three-Dimensional Images. Three-dimensional images of FFFP18 distribution inside single smooth muscle cells were obtained using the digital imaging microscope configured to acquire high-resolution images at multiple focal planes as described (25, 29) . Isolated smooth muscle cells were patch-clamped in the whole-cell configuration. Pipette solution contained 25 ,M FFP18, and extracellular APS solution contained 5 mM Ni2+ to quench any FFP18 in the bath or on the cell exterior. Fluorescence was excited at a wavelength (364 nm) where FFP18 is relatively insensitive to Ca2+; therefore fluorescence in the images represents distribution of the indicator. A set of images at 30 focal planes across the cell, 0.5 ,um apart, was acquired and then restored using a constrained, iterative deconvolution algorithm to reverse distortions caused by the optics by returning out-of-focus light to its point of origin (30) . pairs. Images were dark current-subtracted and backgroundsubtracted. Images of FFP18 fluorescence were corrected for bleaching, which was measured in series of images taken of unstimulated FFP18-loaded cells. (During a series of 10 image pairs, the fluorescence excited at 351 nm bleached 30-40%, and fluorescence excited at 380 nm bleached 15-25%.) The corrected images at 351 nm were divided by corrected images at 380 nm to obtain ratio images. We found slight, slowly varying, spatial inhomogeneities in the illumination across the image field, caused by interaction of the coherent light with imperfections in the optical components, which differed along the light paths of the two wavelengths. Therefore, the following equation, which was simply derived from the standard ratiometric equation (28) [2] and R = F351/F380 at each pixel in the ratio images acquired during depolarization, Rrest = F351/F380 at each pixel in the ratio image acquired before depolarization, Rmin, Rma, and 13
were measured during calibration, and Kd was taken to be 400 nM. The resting [Ca2+],, ([Ca2+] rest), was assumed to be uniform and was calculated from an average ratio value across the cell in the ratio image acquired before depolarization.
Mathematical Analysis.
[Ca2+], transients recorded using FFP18 were mathematically decomposed into cytoplasmic and near-membrane components using the following assumptions and expressions. Previous experiments (32) have shown that the integral of the inward Ca2+ current, multiplied by a factor to account for the buffer capacity of the cell provides a reasonable estimate of the magnitude and time course of changes in bulk [3] where it is the measured inward current at each sampled point, dt is the interval between measurements of it (3 msec), 2 is the charge on a calcium ion, B is the measured buffer capacity of the cell (32), F is the Faraday constant, and Vis the cell volume (6 pl) . From this we can calculate values for the fluorescence ratio in the cytoplasm (28):
. [4] Images of the intracellular distribution of FFP18 showed that -65% of the dye is near the cell surface and 35% is in the cytoplasm. We defined a variable, K, to represent the percentage of the FFP18 fluorescent signal coming from the cytoplasm:
Fyto(Ca2t-independent) = KF)b,rved(Ca2+-independent). [5] Then, using an expression that relates the amount of dye present (indicated by fluorescence excited at a Ca2+-insensitive wavelength) to the fluorescence at two Ca2+-sensitive wavelengths (33):
F(Ca2+-independent) = F380 + aF340, [6] (25) . The excitation spectra of a low concentration of membraneassociated FFP18 (corresponding to 1 x 10-15 mol per cell and an estimated surface density of 1.6 x 105 molecules per jum2), shown in Fig. 1A , are similar to the spectra of fura-2. The calculated calcium dissociation constant (Kd) of this low concentration of membrane-associated FFP18 is 400 nM (for method see ref. 25) . One observed characteristic of lipophilic fluorescent indicators is that they aggregate in solution or when packed densely on a membrane (25, 35) and when their fluorophores come close enough to interact, they quench and are nonfluorescent (36) . Thus, as a fluorescent indicator is packed more densely on the cell membrane, its brightness will decrease, and its spectral properties may be altered (28) . To study the concentrationdependence of spectral properties of FFP18, batches of cells were incubated with various FFP18 concentrations; the surface density achieved after cells were spun down and resuspended to remove excess FFP18 never exceeded 106 molecules per tLm2. In comparison, the surface density of C18-fura-2 often reached 107 molecules per ,um2 after incubation with comparable dye concentrations. The lower peak packing density of FFP18 is presumably due to the extra charge or the less lipophilic tail on this molecule. Fig. lB shows spectra of two concentrations (2 x 10-15 and 9 x 10-15 mol per cell corresponding to surface densities of 3.2 x 105 and 1.0 x 106 molecules per tLm2) of membraneassociated FFP18 in zero Ca2 and saturating Ca2+. At these higher concentrations (compared to Fig. 1A ) the peak intensity of the spectrum in saturating Ca>2 is closer to the peak of the spectrum in zero Ca2+. Also, as FFP18 concentration increases, the fluorescence per mol of FFP18 decreases at all wavelengths.
This decrease is greater in the presence of Ca>. When FFP18 concentration was doubled, the fluorescence per mol in saturating Ca2+ decreased, on average (n = 3), twice as much as the fluorescence per mol in zero Ca2+. Thus, formation of nonfluorescent aggregates occurs more readily in the presence of Ca>, presumably because Ca2+ binding to the tetraanionic indicator neutralizes charges that would otherwise repel other FFP18 molecules.
Because of the way the FFP18 spectrum is altered at higher membrane densities, the parameters measured to calibrate the dye also depend on dye density on the membrane. The Rm. and (3 (Fig. 2A) shows that most intracellular FFP18 associated with the plasma membrane or membraneous structures very close to it. FFP18 also associates with the nuclear membrane. Fig. 2B shows that the fluorescence at the center of the loaded cell is above the autofluorescence level in that cell, indicating that some FFP18 is free or associated with unresolvable structures away from the cell surface. Analysis of cross-sections of three-dimensional images indicated that at least 65% of the FFP18 fluorescence inside cells (where FFP18 had diffused into the cell for 15-20 min) was located in a thin annulus (-1 ,Am wide) containing the surface membrane and closely adjacent structures. Images at the cell surface (Fig. 2C) To learn about near-membrane and cytoplasmic [Ca>2] changes that occur when Ca>2 is released from intemal Ca2+ stores, we recorded Ca2+ transients using FFP18 or fura-2 in response to caffeine. Caffeine causes Ca2+ release from the SR through ryanodine-sensitive Ca2+-release channels in these smooth muscle cells (38) . To study [Ca2+] , changes due only to SR Ca2+ release, we selected cells that did not contain any caffeineactivated nonselective cation current or applied caffeine at a membrane holding potential of +60 mV, where the cation current Physiology: Etter et al. distribution (Fig. 2 ) that reveal a small but finite fraction of the dye located away from the cell membrane. We used our image analysis no [Ca2+]i increase occurs after opening of these as a basis for mathematically dissecting the FFP18-recorded iannels (38) . Typical results are shown in Fig. 3B .
[Ca2+], transients into near-membrane and cytoplasmic compo- 
